Malignant gliomas are the most frequently occurring primary brain tumors and are resistant to conventional therapy. Conditionally replicating adenoviruses are a novel strategy in glioma treatment. Clinical trials using E1B mutant adenoviruses have been reported recently and E1A mutant replication-competent adenoviruses are in advanced preclinical testing. Here we constructed a novel replication-selective adenovirus (CB1) incorporating a double deletion of a 24 bp Rb-binding region in the E1a gene, and a 903 bp deleted region in the E1b gene that abrogates the expression of a p53-binding E1B-55 kDa protein. CB1 exerted a potent anticancer effect in vitro in U-251 MG, U-373 MG, and D-54 MG human glioma cell lines, as assessed by qualitative and quantitative viability assays. Replication analyses demonstrated that CB1 replicates in vitro in human glioma cells. Importantly, CB1 acquired a highly attenuated replicative phenotype in both serum-starved and proliferating normal human astrocytes. In vivo experiments using intracranially implanted D-54 MG glioma xenografts in nude mice showed that a single dose of CB1 (1.5 Â 10 8 PFU/tumor) significantly improved survival. Immunohistochemical analyses of expressed adenoviral proteins confirmed adenoviral replication within the tumors. The CB1 oncolytic adenovirus induces a potent antiglioma effect and could ultimately demonstrate clinical relevance and therapeutic utility.
Introduction
Most malignant primary cerebral neoplasms are gliomas, which grow locally but are highly resistant to conventional treatment with surgery, radiotherapy and chemotherapy. In fact, the median survival of patients with malignant gliomas is 1-2 years (Maher et al., 2001) . Gliomas are particularly prone to local recurrence, generally within 1-2 cm of the primary site. Their relentlessly inevitable regeneration produces neurologic dysfunction, ultimately culminating in patient death. Their intrinsic characteristics and surrounding milieu make human malignant gliomas suitable targets for replication-competent adenoviral-based therapeutic strategies. A potential advantage of oncolytic adenoviral vectors over conventional antitumor agents is that viral replication in tumor cells amplifies the input dose of virus, leading to its spread throughout the tumor. Gliomas consist of local tumor masses that never metastasize and are easily accessible by stereotactic techniques for delivering intratumoral treatments. The surrounding tumor milieu consists of arrested neurons and glial cell populations, and astrocytes and stem cells actively proliferating or having the potential for proliferation.
Although the adenoviral life cycle has not been completely elucidated, it clearly involves redirecting the biochemical machinery of host cells by viral gene products. This is particularly true for interactions between Rb and p53 with adenoviral E1A and E1B proteins, pivotal events in adenoviral replication (Levine, 1990 ). The discovery of complementary interactions between viral genes and the cellular pathways involved in tumorigenesis provided biologic justification for using replication-conditional viruses as anticancer agents. Viral E1A protein associates with Rb, resulting in the release and activation of the E2F transcription factor, inducing cell cycle progression. Cellular expression of E2F-dependent S-phase genes and viral DNA replication proteins promotes S-phase induction and cellular and viral DNA synthesis. To prevent apoptosis by unscheduled DNA synthesis, the E1B-55 kDa protein interferes with p53-mediated apoptosis and inhibits cellular replication by binding to p53. These observations eventually promulgated the design of E1b and E1a mutant tumor-selective adenoviruses with replication restricted in normal cells by functionally active p53 and Rb pathways, respectively .
Our group was the first to introduce the Delta-24 adenoviral construct. Delta-24 replication is restricted to dividing cells or to Rb-inactive arrested cells (Fueyo et al., 2000) . More recently, modifying the tropism of Delta-24 resulted in maximum infectivity and enhanced oncolysis in human glioma models with a paucity of adenoviral receptors (Fueyo et al., 2003) .
Improved infectivity should safely progress along with an improved tumor-selective adenoviral phenotype. Here we report on a double mutant adenovirus constructed on the backbone of the mutant-E1a Delta-24 (Fueyo et al., 2000) adenovirus and incorporating mutant-E1b (Bischoff et al., 1996) . Our data showed that this double mutant adenovirus (CB1) replicated efficiently in human glioma cells in vitro and in vivo. Treatment of glioma-bearing mice with intratumoral injections of CB1 resulted in significantly increased survival (P ¼ 0.01).
Results

The CB1 conditionally replicating adenovirus
The CB1 double mutant adenovirus is characterized by partial deletions of the E1a and E1b adenoviral genes ( Figure 1a ). The E1a deletion comprises amino acids 122-129 (Whyte et al., 1988 (Whyte et al., , 1989 , the same area deleted in the Delta-24 adenovirus (Fueyo et al., 2000) , abrogating the ability of the mutant E1A protein to bind Rb (Whyte et al., 1989; Fueyo et al., 2000) . The E1a and E1b deletions were confirmed by polymerase chain reaction (PCR) amplification of the modified regions and subsequent enzyme digestion analyses, as depicted in Figure 1b . Sequencing analyses identified the mutations in the E1a and E1b regions (data not shown). The deletion of the E1b region from 2426 to 3328 bp prevents the expression of wild-type E1B-55 kDa protein in CB1-infected cells (Figure 1c ).
Anticancer effect in vitro
In this experiment human glioma cells were infected with CB1, wild-type, or ultraviolet (UV)-inactivated wild-type adenoviruses at doses of 1, 2, 5, and 10 multiplicities of infection (MOIs). Cell viability was first assessed by crystal violet assay and then quantified with MTT tests. Both analyses showed a consistent doseresponse effect of CB1 on the three human glioma cell lines (Figure 2 ). Daily monitoring of the infected cultures by light microscopy also showed a time-related effect. CB1-infected cells demonstrated a weak cytopathic effect (CPE) at 3 days postinfection and a strong CPE at 8-9 days postinfection, as evidenced by detachment of the monolayer cultures and the formation of round, light-refractil cells (data not shown). Furthermore, when the CB1-induced CPE was monitored by staining the remaining attached cells with crystal violet at the end of the experiment, CB1 exhibited an increasing CPE with increasing MOIs in the cell lines tested (Figure 2a) . MTT analyses further showed that the decreased viability observed in the crystal violet assays was highly reproducible and dose dependent in the three cell lines tested (Figure 2b ). The oncolytic effect was noticeable with a 1-MOI dose and was higher than 75% with a dose of 10 MOIs on the seventh day after infection in each cell line. As expected, UV-inactivated adenovirus did not induce CPE in the infected cells. These experiments also showed that D-54 MG was the most resistant cell line to the oncolytic effect of CB1.
Viral replication profile in human glioma cells
To ascertain if the CPE was due to adenovirus replication, we performed a Tissue Culture Infection Dose 50 (TCID 50 ) replication assay. At 3 days after the infection of glioma cells with 1 MOI of CB1, Delta-24, and PCR amplification of E1b (right) sequences confirming the presence of the deletions in Delta-24 and CB1 adenoviruses. The 24 bp deletion was confirmed by PCR amplification of the E1a region and subsequent BstXI digestion. As the deleted 24 bp fragment eliminated a BstXI restriction site, the digestion generated two, 710 and 207 bp, products. The E1b partial deletion was confirmed by PCR amplification. In this analysis, the reverse primer was complementary to the deleted sequence of E1b, a region resulting in lack of amplification of any product in the CB1 sequence. M, marker. (c) Western blot analyses of the E1B-55 kDa and E1A proteins in U-251 MG human glioma cells 24 h after mock infection or infection with Ad300, Delta-24, CB1, or UVinactivated Ad300 (UVi) at an MOI of 100. Actin expression is shown as a loading control. Note the higher levels of E1A in cells infected with CB1 adenovirus. This is explained by the fact that one of the functions of E1B-55 kDa protein is to downmodulate E1A (Babiss et al., 1985; Pilder et al., 1986) Figure 3 ). Although the replication ability of Delta-24 has been already reported (Fueyo et al., 2000 (Fueyo et al., , 2003 , to our knowledge, these experiments constitute the first demonstration that a double E1a/E1b mutant adenovirus is able to acquire a replication phenotype in cancer cells.
Viral replication profile in serum-starved normal human astrocytes
To examine CB1's ability to acquire a replication phenotype in normal cells, normal human astrocytes (NHA) were grown as a low-confluency monolayer and arrested by serum starvation. The arrested cells were infected with CB1, Delta-24, wild-type, or UV-inactivated wild-type at an MOI of 10. Daily monitoring showed an increasing CPE in wild-type adenovirustreated cells with a striking decrease in cell viability by day 10 after infection. In contrast, the CPE did not appreciably escalate in cells treated with CB1 or Delta-24 by day 10, the latest time point examined. Consequently, most cells retained their morphology and were attached by the end of the experiment, suggesting that the activities of the two mutant adenoviruses were greatly attenuated under these experimental conditions. These results were quantified by trypan blue-based viability assays and are shown in Figure 4a . There were no significant differences in the viability of cells infected with the UV-inactivated, and those cells infected with CB1 or Delta-24 adenoviruses (P40.5; t-test, double sided). As expected, wild-type adenovirus induced a marked CPE by the end of the experiment. To determine virion production, serum-starved NHA were infected with 1 MOI of CB1, Delta-24, wild-type, or UV-inactivated wild-type adenoviruses. At 3 days postinfection viral titers were measured in TCID 50 assays. The results showed that CB1 and Delta-24 replicated equally poorly (P40.5, t-test, double sided) under these conditions with final titers of approximately two orders of magnitude lower than the initial dose. The results obtained with Delta-24 are consistent with our previous observations in quiescent human lung fibroblasts and normal astrocytes (Fueyo et al., 2000 (Fueyo et al., , 2003 . In contrast, wild-type adenovirus replicates more efficiently than CB1 or Delta-24 (Po0.001; t-test, double sided), and the final titers were 50-fold higher In parallel, cell viability was analysed with an MTT colorimetric assay. Cells were infected at different MOIs of 0-10PFU/cell of CB1, 10 MOIs of UV-inactivated Ad300 (UVi), or they were mock infected, and cell viability was measured by MTT assay 7 days after infection. Data are means7s.d. of triplicate determinations, and are represented as cell viability relative to mock-treated cells (equal to 100%). Note that despite slight differences in sensitivity, the dose of 10 MOI resulted in more than 75% of the decreased viability in the three cell lines. These data are consistent with those depicted in Figure 2a Results from cancer cells infected with CB1, Delta-24, or Ad300 at a dose of 1 MOI are shown. At 3 days after infection, the viral titers were determined by the TCID 50 method, and expressed as PFU/ml. The means of two independent experiments are shown Double mutant E1A/E1B adenovirus induces glioma regression C Gomez-Manzano et al than the initial dose ( Figure 4b ). As expected, UVinactivated Ad300-infected cells did not induce new viral production. These experiments showed that CB1 did not efficiently replicate in nonproliferating normal cells.
Viral replication profile in proliferating NHA
To ascertain whether the double mutant adenovirus induced cell death in normal dividing cells, we infected actively dividing NHA with 10 MOI of CB1, Delta-24, wild-type adenoviruses, or UV-inactivated Ad300. Light microscopic monitoring of the cultures revealed that infection with wild-type and Delta-24 adenoviruses resulted in an increasing CPE that was conspicuous by day 5 and dramatic by day 10, the latest time point examined. In marked contrast, infection with CB1 resulted in a moderate CPE (approximately 25%) on day 10 postinfection, results that were quantified by trypan blue-based viability assays and depicted in Figure 4a . These experiments revealed an attenuated lytic phenotype of Delta-24 compared to wild-type adenoviruses (Po0.001, t-test, double sided). More importantly, infection of actively dividing NHA with CB1 resulted in significantly less cell death than infection with Delta-24 (Po0.001, t-test, double sided).
To determine if increased cell death reflected adenoviral replication, we infected actively dividing NHA with a dose of 1 MOI of CB1, Delta-24, wild-type or UVinactivated wild-type adenovirus. Examination of the viral titers 3 days after infection revealed that Delta-24 and wild-type adenoviruses replicated strikingly better in proliferating than in quiescent astrocytes (Po0.001; ttest, double sided; and Po0.001; t-test, double sided, respectively). Notably, these experiments showed that the final titer of CB1 was slightly inferior to the initial dose (5 Â 10 4 plaque-forming units (PFU)), signifying CB1's greatly attenuated replicative ability in a dividing normal cell population (Figure 4b ). These experiments also show that the ability of CB1 adenovirus to acquire a replication phenotype in normal dividing cells is significantly impaired compared to Delta-24 (Po0.001; t-test, double sided). Interestingly, Delta-24 replicated equally well in glioma cells as in dividing NHA (P40.5; t-test, double sided). Importantly, CB1 replicated 100-10 000 times greater in glioma cell lines than in dividing NHA (Po0.001; t-test, double sided).
Anticancer effect in vivo
We examined the therapeutic efficacy of CB1 in vivo by implanting xenografts of D-54 MG human glioblastoma multiforme cells into the right basal ganglia of athymic mice. We selected the D-54 MG cell line because it was the most resistant to CB1 in vitro. When D-54 MG tumors were treated with CB1, animal survival (mean ¼ 51.86 days) was significantly improved compared with UV-inactivated adenovirus treatment (mean ¼ 27.72 days) (P ¼ 0.01, log-rank test). Delta-24 also produced a significantly improved survival (mean ¼ 59.29 days) (Po0.001, log-rank test). The survival curves obtained from Delta-24 versus CB1 treatments were not significantly different (P ¼ 0.28, logrank test) ( Figure 5 ). These results confirmed the antiglioma effect of Delta-24 in vivo shown in previous data from our laboratory using subcutaneous D-54 MG xenografts. Those data revealed an antiglioma effect after intratumoral administration of single and multiple doses of Delta-24 (Fueyo et al., 2000) . In addition, multiple doses of Delta-24 induced an anticancer effect in U-87 MG glioma model (Fueyo et al., 2003) . These results with CB1 are the first known to demonstrate the antiglioma effect of a double mutant E1A/E1B adenovirus in vivo, and therefore in an intracranial model.
CB1 replication in vivo
We examined the expression of hexon protein, a structural adenoviral protein expressed during active Figure 4 CPE and viral replication assays on NHA. (a) Cell viability analyses of quiescent and actively dividing NHA. NHA were infected with CB1, Delta-24, Ad300, or UV-inactivated Ad300 (UVi) at an MOI of 10. At 10 days after infection cell viability was assessed by a trypan blue exclusion test. Data are means7s.d. of triplicate determinations, and are represented as cell viability relative to UVi-treated cells (equal to 100%). *P40.5; þ Po0.001 (t-test, double sided). (b) Replication efficiency of CB1 in NHA. Quiescent and replicating NHA were infected with CB1, Delta-24, or Ad300 at a dose of 1 MOI. After 3 days, the final viral titers were determined by the TCID 50 method in 293 cells, and expressed as PFU/ml. Data are presented as the means of at least three independent experiments. *P40.5; þ Po0.001; **Po0.005 (t-test, double sided) Double mutant E1A/E1B adenovirus induces glioma regression C Gomez-Manzano et al replication of adenoviruses, to determine if CB1 could replicate in the human xenografts. Immunohistochemical analyses revealed hexon in the cytoplasm of the infected cells (Figure 6a ), confirming adenoviral replication in vivo. In addition, cells counterstained with hematoxyline, showed ground, glass-like intranuclear viral inclusion bodies (Figure 6b ). Neither hexonpositive cells nor inclusion bodies were observed in D-54 MG xenografts infected with UV-inactivated wildtype adenovirus (Figure 6c ). The inclusion bodies together with the positive expression of hexon protein constituted strong evidence of adenoviral replication in the D-54 MG human glioma xenografts. As expected, due to the inability of human adenoviruses to replicate in mouse cells, we did not observe expression of late adenoviral genes in the tumor surrounding normal rodent cells.
Discussion
This work characterizes the antiglioma effect of CB1, a novel double E1a-E1b mutant oncolytic adenovirus, and demonstrates its antiglioma effect in vitro and in Figure 5 Survival analyses of glioma-bearing animals. Data are represented as a Kaplan-Meier survival curve from the day of D-54 MG intracranial implantation following intratumoral injection with CB1, Delta-24, or UV-inactivated adenovirus (UVi). The Pvalues (determined by log-rank test) show significant differences in survival between CB1 and control-treated animals vivo. Since our laboratory characterized the oncolytic effect of the Delta-24 adenovirus (Fueyo et al., 2000) , several publications from other laboratories corroborated its ability to infect and replicate in cancer cells (Cripe et al., 2001; Suzuki et al., 2001; Bauerschmitz et al., 2002; Lamfers et al., 2002; van Beusechem et al., 2002) . The downside is that E1A mutants such as Delta-24 are able to replicate in cycling normal cells (Heise et al., 2000) and Delta-24 promoted a widespread CPE in organotypic keratinocyte cultures (Balague et al., 2001) . Clearly, the E1A-based Delta-24 oncolytic strategy needed improvement to decrease toxicity in normal dividing cells while maintaining efficacious replication and lysis in cancer cells. Consequently, we impaired Delta-24's ability to replicate in normal dividing cells by including an E1b deletion in the adenoviral genome. Attenuating the function of two critical adenovirus proteins in CB1 makes the construct less efficient at replicating in normal dividing cells. Our data specifically show that the replication phenotype of CB1 is highly attenuated both in nondividing and dividing astrocytes. Although the effect of CB1 was no different from Delta-24 in nondividing astrocytes, in actively proliferating astrocyte cultures CB1 produced significantly less toxicity than Delta-24. Importantly, similar differences were observed in replication studies of CB1, which showed that the end amount of viral progeny did not significantly differ from the titer of CB1 used to infect the astrocytes in the first place. The avid pursuit of much needed strategies for greatly enhanced adenoviral infectivity (Suzuki et al., 2001; Lamfers et al., 2002; Fueyo et al., 2003) underlines the relevance of adenoviruses like CB1, because tropism-enhanced constructs will succeed only if a high degree of infectivity is coupled with a minimal replicative ability in a dividing cell population. Clearly, CB1 and constructs with similar restrictions on their replication phenotype are preferable for systemic delivery where the oncolytic agent unavoidably infects actively dividing normal cells as well as the targeted cell population. Multicomponent targeting is an optimal strategy for effectively generating efficacious, tumor-selective lytic adenoviruses that are designed to be delivered to extratumoral sites without producing unacceptable levels of viral replication and toxicity in untargeted, normal cells. CB1 is the first adenovirus construct to encompass deletions of E1A and E1B proteins. In earlier work, E1a was partially deleted so that Rb-binding region deletions were combined with the deletion of the p300-binding domain. However, the requisite number of deletions in the E1A sequence required to bind p300 results in low E1A activity (Yoshida et al., 1995) , and some double E1A mutant adenoviruses replicated with a low efficiency in cancer cells (Howe et al., 2000) . To circumvent these restrictions, E1A and E1B protein modifications have a greater potential for producing anticancer activity than the double E1A strategy previously embraced. Using such reasoning, Ramachandra et al. (2001) generated a conditionally replicating adenovirus that takes advantage of the wild-type p53 status of normal cells to express an E2F antagonist.
Their replication-competent adenovirus did not replicate in normal cells, and demonstrated an anticancer effect that was independent of the status of p53 in cancer cells. Importantly, of the transactivation pathways through which E1A acts, that involving CR3 is the most potent, and most of the activation of viral early genes and of exogenous cellular genes by E1A is brought about by this region (Shenk and Flint, 1991) . This region alone is sufficient to activate transcription (Lillie et al., 1987) . Relevant to our study, this region is intact in the CB1 construct. Other strategies used to target the E2F1 pathway are based on modifying the transcriptional control of adenoviral genes, including E1a (Johnson et al., 2002; Tsukuda et al., 2002; Jakubczak et al., 2003) . The tumor selectivity of these strategies, at least conceptually, is not expected to produce superior results to those from Rb-targeted deleted E1A mutants.
Taken collectively our data showed that it is feasible to diminish the ability of E1A mutant adenoviruses to replicate in normal cells by combining E1A and E1B mutations. We also proved that these double mutants possessed an antiglioma effect in vivo that was similar to that produced by E1A single mutants. These data form the basis for further development of E1A/E1B mutants with the ultimate goal of entry into clinical trials.
Materials and methods
Cell lines and culture conditions
U-373 MG and U-251 MG human glioma cell lines were purchased from ATCC (Manassas, VA, USA). The D-54 MG human glioma cell line was a generous gift from Dr Bigner (Duke University, NC, USA). 293 cells were obtained from Microbix Biosystem Inc. (Ontario, Canada). These cell lines were maintained in Dulbecco's modified Eagle/F12 medium (1 : 1, vol : vol) supplemented with 10% fetal bovine serum (FBS) in a humidified atmosphere containing 5% CO 2 at 371C. The NHA cell line is commercially available from Clonetics/ BioWhittaker (Wakersville, MD, USA). NHA cultures were maintained using an Astrocyte Growth Medium BulletKit from Clonetics/BioWhittaker.
Adenoviral constructs and infection conditions
The previously described Delta-24 construct has a 24-bp deletion of the E1a region (nt 923-946, both included), corresponding to amino acids L 122 TCHEAGF 129 , a region required for Rb protein binding (Fueyo et al., 2000) .
Combining the E1a deletion with an E1b-55K deletion created a double deletion in the CB1 virus. Briefly, the deletion in E1b was made by deleting a fragment ranging from the Sau3AI restriction site to the BglII restriction site (2426-3328 bp, both included) in pXC1 (Microbix) originating pXC1-RA55. This deletion eliminates the E1B p53-binding domain, sparing the E1b-19K region. To combine the double deletion, the KpnI/BglII fragment in pXC1-Delta-24, the shuttle vector containing the E1a deletion in Delta-24 (Fueyo et al., 2000) , was replaced with the corresponding region in pXC1-RA55. The resulting shuttle vector (pXC1-CB1) was cotransfected with pBHG10 (Microbix) into 293 cells to generate the CB1 adenoviral construct through homologous recombination. Virus stocks were titered by plaque assay in 293 cells.
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As controls, we used the wild-type adenovirus Ad300 (Jones and Shenk, 1979) , virus inactivated by ultraviolet light (via exposure to seven cycles of 125J UV light), and mock infections with culture medium.
Infection of the cell lines has been described previously (Fueyo et al., 2000) . Briefly, viral stock was diluted to specific concentrations, added to cell monolayers, and cells were incubated at 371C for 30 min with brief agitation every 5 min. This was followed by the addition of culture medium and the return of the infected cells to the incubator at 371C.
PCR and restriction analyses
Deletions in E1a and E1b were confirmed by PCR. A 941-bp fragment of the adenoviral E1a region was amplified by PCR using sense (5 0 -TTCCGCGTTCCGGGTCAAAGTTG-3 0 ) and antisense (5 0 -TGCATTCTCTAGACACAGGTGATG-3 0 ) primers. The PCR products were subjected to BstXI (Life Technologies, Inc., Rockville, MD, USA) restriction enzyme digestion at 371C for 1 h. The BstXI enzyme recognizes a restriction site within the targeted 24-bp E1a region. The fragments and 1-kb ladder marker (Life Technologies, Inc.) were resolved on a 2% agarose gel (Sigma, St Louis, MO, USA) and visualized by UV fluorescence. To confirm the E1b deletion, PCR was performed using sense (5 0 -GAAT-GAATGTTGTACAGGTGGCT-3 0 ) and antisense (5 0 -AG-GAAAACCGTACCGCTAAAATTG-3 0 ) primers, which amplified a 536-bp region of the wild-type E1b region. The antisense primer targeted a DNA sequence that is only present in wild-type E1b. Samples were analysed with agarose (Sigma, St Louis, MO, USA) gel electrophoresis.
Western blotting analyses
U-251 MG cells were infected with 100 MOIs of CB1, Delta-24, Ad300, UV-inactivated Ad300, or were mock infected. After 24 h, cells were collected and resuspended in PBS with a protease inhibitor cocktail (Sigma, St Louis, MO, USA), then lysed by adding equal volume of 2 Â SDS loading buffer. The lysates were then heated at 951C for 10 min. The proteins from the lysates were fractionated by SDS-PAGE and transferred to a Hybond ECL nitrocellulose membrane (Amersham Life Science, Arlington Heights, IL, USA). Membranes were probed with the following antibodies: adenovirus 5 E1B-55 kDa (Ab-1; diluted 1 : 100), hexon (diluted 1 : 100) (Chemicon International Inc., Temecula, CA, USA), and anti-human b-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The secondary antibodies were horseradish peroxidase-conjugated anti-goat or anti-mouse IgG antibodies (Santa Cruz Biotechnology). The membranes were developed according to Amersham's ECL protocol.
Cell viability assays
We seeded cells at 10 5 cells per well in six-well plates and allowed them to grow for 20 h. The cells were infected with CB1, Ad300 or UV-inactivated Ad300 at MOIs of 0, 1, 2, 5 and 10. We concluded the experiment when an MOI of 10 of one of the constructs produced more than 75% of the CPE. The cell monolayers were then washed with PBS, and fixed and stained with 0.1% crystal violet in 20% ethanol. Several rinses with water were used to remove excess dye.
In vitro cytotoxicity was quantified with MTT (Sigma) to measure cell viability. For this assay, 2 Â 10 3 cells were seeded in 96-well microtiter plates and infected 24 h later with 0, 1, 2, 5 or 10 MOIs of CB1, 10 MOIs of UV-inactivated Ad300, or cells were mock infected. Quadruplicate wells were used for each condition. A total of 16 wells were seeded with untreated glioma cells as a viability control, and 16 wells containing only complete medium were used as a control for nonspecific dye reduction. Medium was removed 7 days after treatment, and 100 ml/well of MTT solution (2 mg/ml) was added to each well. The plates were incubated for an additional 4 h, then read on a microplate reader at a test wavelength of 570 nm.
Trypan blue experiments were performed as previously described (Fueyo et al., 2000) . Briefly, NHA cultures were infected with the adenoviral constructs at MOI of 10, and 10 days later the viable cells were counted using a hemocytometer.
Viral replication assays
We seeded human glioma and NHA cells at 5 Â 10 4 cells/well in six-well plates and 20 h later infected them with CB1, Delta-24, Ad300, or UV-inactivated Ad300 at an MOI of 1. At 3 days after infection, we scraped the cells into culture medium and lysed them with three cycles of freezing and thawing. We used the TCID 50 method to determine the final viral titration. Briefly, the cell lysates were clarified by centrifugation and the supernatants were serially diluted in medium for infecting 293 cells in 96-well plates. We analysed the cells for CPE 10 days after infection. Final titers were determined as PFU, using the validation method developed by Quantum Biotechnology (Carlsbad, CA, USA).
For the viral replication assay in quiescent NHA, we grew NHA cells at a low density (2 Â 10 4 /per well in a six-well plate) in the kit's medium with 0.5% FBS and without growth supplements. These conditions inhibited cell growth without evidence of cell death.
Animal model
To study the antitumor effect of the virus in vivo we used an intracranial human glioma xenograft model. A screw-guided system was used to implant tumor cells and to treat the intracranial tumor (Lal et al., 2000) . The system consists of a 2.6-mm guide screw with a central 0.5-mm diameter hole that accepts the 26-gauge needle of a Hamilton syringe. The screw is implanted into a small drill hole made 2.5 mm lateral and 1 mm anterior to the bregma. A stylet is used to cap the screw between treatments. Tumor cells or therapeutic agents are injected in a freehand fashion by using a Hamilton syringe and a 26-gauge needle fitted with a cuff to determine the depth of injection. In this study, 5 Â 10 5 cells of the D-54 MG human glioma cell line were engrafted into the caudate nucleus of athymic mice. On day 3 after cell implantation, animals were treated with a single intratumoral injection of CB1, Delta-24, or UV-inactivated adenovirus (n ¼ 7 per treatment group). The viral dose was 1.5 Â 10 8 viral particles in 5 ml. Animals showing general or local symptoms of toxicity were killed. Animal studies were performed in the veterinary facilities of The University of Texas MD Anderson Cancer Center in accordance with institutional guidelines.
Immunohistochemistry
The presence of adenoviral hexon proteins in the treated xenografts was assessed through immunohistochemistry. Paraffin-embedded sections from the mice brains were deparaffinized and rehydrated with xylenes and ethanol in PBS. Endogenous peroxidase activity was quenched by incubation for 30 min in 0.3% H 2 O 2 in methanol. Sections were treated with goat antihexon (Chemicon Inc., Temecula, CA, USA). Immunohistochemical staining was performed according to the manufacturer's instructions with diaminobenzidine by using Vector Laboratories ABC kits (Amersham).
Statistical analyses
For the in vitro experiments, statistical analyses were performed using a two-tailed Student's test. Data are represented as mean7standard deviation. The in vivo anticancer effect of different treatments was assessed by plotting survival curves according to the Kaplan-Meier method, and groups were compared using the log-rank test.
